1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

WEALTH 4
of P
e

/ HHS Public Access

Author manuscript

ﬁ Physiol Meas. Author manuscript; available in PMC 2021 April 20.

Published in final edited form as:
Physiol Meas. ; 41(1): 015002. doi:10.1088/1361-6579/ab64h9.

Novel Experimental Model for Studying the Spatiotemporal
Electrical Signature of Acute Myocardial Ischemia: A
Translational Platform

Brian Zengerl2:34, Wilson W. Good124, Jake A. Bergquistl24, Brett M. Burton?, Jess D.
Tatel, Leo Berkenbilel, Vikas Sharma3, Rob S. MacLeod?!:2:3:4

1Scientific Computing and Imaging Institute, SLC, USA
2Nora Eccles Cardiovascular Research and Training Institute, SLC, USA
3School of Medicine, University of Utah, SLC, USA

4Department of Biomedical Engineering, University of Utah, SLC, USA

gorrespondance: Brian Zenger, 72 Central Campus Dr, Salt Lake City, UT 84112, zenger@sci.utah.edu.
Author Contributions

Brian Zenger:

« Scientific need and development

« Data analysis

« Manuscript Preparation

« Experimental Model Design

« Experimentation setup and execution

Wilson W. Good:

« Scientific need and development

« Data analysis

« Manuscript Preparation

« Experimental Model Design

« Experimentation setup and execution

Jake A. Bergquist:

« Scientific need and development

« Data analysis

« Manuscript Preparation

« Experimental Model Design

« Experimentation setup and execution

Brett M. Burton:

« Scientific need and development

« Experimentation setup and execution

Jess D. Tate:

« Scientific need and development

« Experimentation setup and execution

Leo Berkenbile:

« Scientific need and development

« Experimentation setup and execution

« Recording equipment design and manufacturing
Vikas Sharma:

« Scientific need and development

« Experimental expertise

« Experimentation execution

Rob S. MacLeod:

« Scientific need and development

« Data analysis

« Manuscript Preparation

« Funding support

Novel Translational Experimental Ischemia Model
In this manuscript we have created the first experimental preparation to record intramural, epicardial surface, and torso surface
electrical potentials from the heart during controlled episodes of acute myocardial ischemia. We have also created a data processing
and visualization pipeline for investigation and analysis.
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Abstract

Myocardial ischemia is one of the most common cardiovascular pathologies and can indicate
many severe and life threatening diseases. Despite these risks, current electrocardiographic
detection techniques for ischemia are mediocre at best, with reported sensitivity and specificity
ranging from 50-70% and 70-90%, respectively. To improve this performance, we set out to
develop an experimental preparation to induce, detect, and analyze bioelectric sources of
myocardial ischemia and determine how these sources reflect changes in body-surface potential
measurements. We designed the experimental preparation with three important characteristics: (1)
enable comprehensive and simultaneous high-resolution electrical recordings within the
myocardial wall, on the heart surface, and on the torso surface; (2) develop techniques to visualize
these recorded electrical signals in time and space; and (3) accurately and controllably simulate
ischemic stress within the heart by modulating the supply of blood, the demand for perfusion, or a
combination of both. To achieve these goals we designed comprehensive system that includes (1)
custom electrode arrays (2) signal acquisition and multiplexing units, (3) a surgical technique to
place electrical recording and myocardial ischemic control equipment, and (4) an image based
modeling pipeline to acquire, process, and visualize the results. With this setup, we are uniquely
able to capture simultaneously and continuously the electrical signatures of acute myocardial
ischemia within the heart, on the heart surface, and on the body surface. This novel experimental
preparation enables investigation of the complex and dynamic nature of acute myocardial ischemia
that should lead new, clinically translatable results.

4 Introduction

Despite several decades of research progress, ischemic heart disease remains one of the most
common heart pathologies, affecting over 8 million people globally. [1] Myocardial
ischemia occurs when there is inadequate perfusion to a specific region of the heart, leading
to mechanical, electrical, and functional abnormalities. A surprising range of pathologies
can cause acute transient ischemia, including coronary artery disease, coronary
microvascular dysfunction, Takotsubo cardiomyopathy, and coronary artery dissection.[1, 2,
3, 4] Each pathology carries a significant risk of short- and long-term mortality that can be
reduced substantially by early detection. Therefore, detecting myocardial ischemia early is
paramount to preventing long-term negative consequences.[3, 5, 1, 6] For decades, the
electrocardiogram (ECG) has been the primary acute detection method for myocardial
ischemia [7], however, current performance using these methods is mediocre at best, with
reported sensitivity and specificity ranging from 50-70% and 70-90%, respectively. [6, 8]
This poor performance indicates that many patients may be discharged from clinical care
unaware of their potentially life-threatening condition, and others may receive care they do
not need. Improvements in the electrical detection of myocardial ischemia must be made to
ensure confident and accurate diagnoses of myocardial ischemia to prevent fatal long-term
consequences.

This poor ECG-based performance may stem from our limited understanding of the
ischemic bioelectric sources within the myocardium and how they manifest as electrical
signals on the body surface. Past studies based on limited measurement capabilities have
suggested that myocardial ischemia originates on the endocardial surface of the heart and
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progresses radially outward to the epicardium. [9, 10] However, our recent experimental
studies have shown that these assumptions are not supported, at least in large mammal
models. Aras et al. showed acute ischemia originating throughout the myocardial wall. [11,
12, 13] These findings and the poor clinical performance of ECG ischemia detection have
spurred discussion about other assumptions and re-evaluations of the conventional
description of ischemic sources within the heart, but conclusions have been limited in their
understanding of physiology and clinical application because experimental models have
lacked some key components. Currently, no experimental model has been reported that can
control the ischemic load and simultaneously record the electrical potentials within the heart,
on the heart surface, and on the body surface. Without these data from an experimental
model, improved methods of detection cannot be verified, which in turn inhibits the testing
and implementation of new methods for detecting myocardial ischemia.

To maximize its translational potential, an experimental model of acute myocardial ischemia
must (1) have comprehensive and simultaneous high-resolution electrical recordings within
the myocardial wall, on the heart surface, and on the torso surface; (2) be supported by
techniques to visualize these recorded electrical signals in time and space; and (3) accurately
and controllably simulate ischemic stress within the heart by modulating the supply of
blood, the demand for perfusion, or a combination of both. Previous experimental models
that have included some of these criteria have been applied to other targets: high-resolution
recordings on some surfaces, controlled ischemic load, and other unique recording or
interventional techniques.[14, 15, 16, 17] However, all previously reported models have
lacked at least one of the three necessary criteria for a comprehensive examination of acute
myocardial ischemia.

Here we report on the development and validation of an experimental preparation to detect
and analyze bioelectric sources of myocardial ischemia and determine how these sources
reflect changes in body-surface potential measurements. We have achieved all the
requirements listed above and created an experimental preparation that will enable
significant progress in the understanding and detection of acute myocardial ischemia.

5 Methods

We developed techniques to achieve the three major goals for this study. To simultaneously
record within the heart, on the epicardial surface, and on the body surface, we used custom
arrays of recording electrodes based on silver and silver chloride substrate and a custom
multiplexing system that could record up to 1024 channels at 1 kHz. To process the recorded
signals and create three-dimensional models, we used a combination of open-source and
custom software applications produced at the Scientific Computing and Imaging Institute
(www.sci.utah.edu). This processing pipeline was used to create three-dimensional
geometric models that provide a framework for interactive visualization and for simulations
of bioelectric fields, such as electrocardiographic imaging (ECGI)[16, 18]. Finally, we
controlled ischemic load by increasing cardiac demand through pacing or pharmacological
stimulation and by decreasing cardiac supply with a hydraulic vascular occluder placed
around the left anterior descending coronary (LAD).
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5.1 Animal Model

Swines and canines were selected for this experimental preparation because their cardiac
anatomy, electrical system, and vascular structure are similar to those of humans. The
animals were 25-35 kg in weight and 8 months to several years of age. They were purpose
bred for use in experimental research and all studies were approved by the Institutional
Animal Care and Use Committee at the University of Utah and conformed to the Guide for
Care and Use of Laboratory Animals. After 12 hours of fasting, canines were sedated using
an intravenous propofol bolus of 5-8 mg/kg, and swine were sedated using a mixture of
Telazol (4.4 mg/kg), Ketamine (2.2 mg/kg), and Xylazine (2.2 mg/kg). Once intubated,
isoflurane gas (1-5%) was used for anesthesia. At the end of the experiment, the animals
were euthanized while under general anesthesia, with intravenous Beuthanasia 1 m1/10 kg.
The heart was then removed for further evaluation.

5.2 Surgical Procedure

Following sedation, a sternotomy was performed to expose the thoracic cavity. The
pericardium was opened and the heart was suspended in a pericardial cradle. Following
exposure, a portion of the left anterior descending coronary artery (LAD) was dissected, and
a calibrated hydraulic occluder (Access Technologies, Skokie, IL, USA) was placed around
the dissected LAD. An atrial pacing clip was then placed on the appendage of the right
atrium. Following placement of the electrical recording equipment (described below), the
pericardium was sutured closed, and the sternum was wired and sutured together. To limit air
within the volume conductor, chest tubes were tunneled into the mediastinal, pleural, and
pericardial cavities and held under constant suction (5-20 mmHg). The outer layers of
dermis were sutured closed and checked for separations. Standard laboratory markers,
including blood pH,PaCO,, oxygen saturation, temperature, and blood pressure, were
measured and recorded throughout the experiment.

5.3 Electrical Recording Equipment

5.3.1 Electrode Arrays—All electrodes and recording equipment were custom-built at
the Nora Eccles Treadwell Cardiovascular Research and Training Institute (CVRTI) and
similar to our work described previously with several important modifications.[11, 19, 12,
20, 21] The electrical signals within the myocardium were measured using the Utah
Intramural Plunge Needle Arrays (UIPNAs) Each needle in the array had 10 electrodes on a
1.5 mm shaft spaced 1.8 or 1.1 mm apart for left and right ventricular needles, respectively.
(Figure 1-A,B,C) The needle electrodes were housed within of a hollow plastic tube with
openings for each electrode that was custom fabricated using 3D printing (FormLabs, MA,
USA). All ten electrode wires (0.0762 mm, high purity silver, California Fine Wire
Company, CA, USA) terminated at an individual hole in the tube and passed through the
tube, through strain relief built into the tube end, and then to 24-pin connectors. For these
experiments, 12—25 needles were placed in the approximated perfusion bed of the LAD and
concentrated on the anterior aspect of the heart.

The epicardial potentials were measured separately using the Utah High Density Epicardial
Sock (UHDES), an array of 247 silver wire electrodes tied into a nylon sock. The electrode
wires were 0.127 mm insulated silver wires (California Fine Wire Company, CA,USA)
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spaced at approximately 10 mm; the end of each was stripped and then electroplated with
silver chloride to reduce polarizing potentials. A subset of the electrodes also received color-
coded beads that provided references for subsequent digitization of sock position. (Figure 1
D)

The torso surface electrodes were grouped in strips of 12 electrodes evenly spaced 3 cm
apart. Each electrode had an 11 mm diameter Ag-AgCl sensor embedded in an epoxy
housing with a 2 mm deep gel cavity. The number of strips applied to the torso surface
varied between 6-10 (72-120 total electrodes) depending on the body-surface area
accessible for each animal.

5.3.2 Signal Acquisition—The electrical potentials from the needle, sock, and torso
surface electrodes were captured using a custom acquisition system that could record
simultaneously from 1024 channels at 1 kHz sampling rate and 12 bit resolution.[22] The
acquisition system consisted of variable gain input amplifiers, multiplexers, A/D coverters,
interface circuitry, and a personal computer (PC) hosting a custom program written in
Labview (National Instruments, Austin, TX, USA) that managed the hardware and allowed
continuous signal acquisition. A bandpass filter with cutoff frequencies at 0.03 and 500 Hz
avoided both DC potentials and aliasing. Wilson’s central terminal leads were used as the
remote reference for all the unipolar signals recorded from the sock, needles, and torso
surface electrodes. Prior to each experiment, calibration signals were recorded on each
channel to allow subsequent gain adjustments to accommodate thermal variations. (Figure 2
right pathway)

5.4 Ischemia Intervention Protocols

Ischemia intervention protocols can be designed to test different clinical or scientific
hypotheses by varying the time of ischemia, relative ischemic load, and other important
variables. We induced several transient ischemic interventions, each lasting 8-15 minutes,
during each experiment, followed by a 30-minute recovery period, similar to our previous
studies [20, 21] One ischemic protocol mimicked the Bruce exercise stress test by first
reducing the coronary diameter by 50-70% and then pacing the heart at an increasing
increment above resting heart rate every 3 minutes for a total of 15 minutes similar to
protocols reported in the literature. [23] The intervention was terminated prematurely by the
presence of a sequence of three or more premature ventricular contractions.

Another example of an ischemic protocol we applied was based on the clinical dobutamine
stress test. Dobutamine is used as a pharmacological stress agent because of its direct
stimulation of beta-1 sympathetic receptors on the heart, causing increased heart rate and
contractility. In our dobutamine stress protocol, the animal was continuously infused at a
sequence of increasing doses, each for 3 minutes, following routine clinical protocols. [24]
As with the Bruce protocol, the intervention again lasted 15 minutes or until a sequence of
three or more premature ventricular contractions occurred. The LAD occlusion level was
again fixed throughout the 15-minute episode.

Each of these protocols utilized changes in the ST segment voltage as a surrogate for
ischemia within the myocardial wall. Cellular and mechanistic studies have shown that
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changes in the ST segment correspond to ischemia forming in the underlying myocardial
substrate. [25, 26].

5.5 Image Acquisition and Processing

5.5.1 Image Acquisition and Segmentation—A major goal of studies using this
model is to construct accurate, subject-specific geometric models that include the anatomy
and electrode locations. To this end, after the animal was euthanized, the intact torso was
imaged with a clinical 3-Tesla MRI scanner (Siemens Medical, Erlangen, Germany) for
gross anatomy and electrode positions. Following the torso scan, the heart was excised, filled
with dental alginate to preserve heart chamber shape, fixed in formalin,and scanned with a
7-Tesla MRI scanner (Bruker BIOSPEC 70/30, Billerica, MA) using FISP (fast imaging
with steady-state precession) and FLASH (fast low angle shot) imaging sequences. To
visualize fiber orientation in each heart, a diffusion-weighted MRI sequence was also
performed. Capitalizing on the combined advantages of both FISP (consistent volume
boundaries) and FLASH sequences (high internal contrast), we produced geometric
segmentations of cardiac tissue, blood, and intramural plunge needle geometries using the
Seg3D open-source software package (wwuwv.sci.utah.edu/software/seg3d). To visualize the
perfusion bed and vasculature, the coronaries were injected with BriteVue contrast agent
(Scarlet Imaging, SLC, UT, USA), and the heart was scanned using an Inveon microCT
Scanner (Siemens, Munich, Germany). (Figure 2 center pathway)

From the segmented cardiac volumes we then created three-dimensional, tetrahredral
meshes of the heart and torso using the the Cleaver open-source software package
(wwwe.sci.utah.edu/software/cleaver) for use in subsequent visualization and simulation.
(Figure 2 central pathway)

5.6 Geometric Registration

5.6.1 Landmark Point Recordings—At the conclusion of each experiment, the
locations of the torso surface electrode strips, the reference sock electrodes, and plunge
needle insertion sites on the cardiac surface were measured manually using a Microscribe
three-dimensional digitizer (Solution Technologies, Oella, MD, USA). In addition,
anatomical landmark sites, including the location of the occlusion site, major epicardial
coronary arteries, and the outline of the myocardial shape were also captured using the
digitizer. Once the locations of the plunge needles were recorded, they were replaced with
plastic spacers that preserved the intramural needle array tracts and could be visualized in
subsequent imaging (described above). (Figure 2 left pathway)

5.6.2 Registration Pipeline—We have developed and implemented a sequence of
registration techniques to identify and register electrode locations relative to cardiac and
gross anatomical structures [27]. First, the high-resolution ex vivo FISP and FLASH MRIs
of the explanted heart were registered to the full torso MRI scan via an affine transformation
using the needle electrode locations in each geometric space. Next, the 247 electrode sock
array was registered to the high-resolution heart mesh generated from the images. This step
involved an affine transformation that moved the digitized subset of sock array electrodes to
the torso MRI space. The transformed, digitized sock points were then snapped (by nearest
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neighbor) to the myocardial surface. To register the rest of the sock electrodes, we used a
nominal sock mesh generated previously by stretching the sock over a heart model and
digitizing all electrodes. This hominal sock mesh was first roughly fitted to the high-
resolution heart mesh by contracting the sock along its base-apex axis to adjust vertical
electrode spacing. The sock was then aligned on the heart mesh using correspondence-driven
iterative closest points registration and then snapped to the heart mesh. Finally, the sock
correspondence points were used to register the remaining electrodes with a geodesically
constrained radial basis deformation as described previously. [27] (Figure 2 right pathway)

5.7 Signal Processing

The electrical signals recorded during the study were processed in the Preprocessing
Framework for Electrograms Intermittently Fiducialized from Experimental Recordings
(PFEIFER), an open-source MATLAB-based signal processing platform designed to process
bioelectric signals acquired from experiments, as outlined schematically in the upper right
panel of Figure 2. [28] Using PFEIFER, the recorded signals were calibrated, baseline
corrected, filtered, and marked at specific time instances within each beat for further
analysis. The filter was an amplitude normalized 11th order rational transfer function. Gain
correction for the amplifiers was performed on each individual channel by acquiring a
reference sine wave of known amplitude(s) at the start of each experiment. A linear baseline
drift correction was applied by selecting two assumed isoelectric points at the beginning and
end of each beat. Signals of obviously poor quality from any electrode were discarded and
Laplacian interpolated from the nearest neighboring electrodes[29]. We also identified and
discarded electrograms recorded from needle electrodes within the blood cavities from their
morphology; electrograms without an initial positive deflection were assumed to be from
within the blood pool. [30, 13, 31]

A separate global root mean squared (RMS) signal was computed from each of the sock,
intramural, and torso surface signals and then used to mark temporal fiducials around the
QRS complex and the T wave. PFEIFER can then utilize intermittent, manually annotated
beats to automatically identify and annotate the remaining beats within the recorded signals.
From these markings, we extracted the ST40%, QT-interval, and QRS amplitude for further
analysis. ST40% is the measured voltage at 40% of the ST segment duration, selected
because of previous studies that showed changes in the ST segment relating to ischemia.
[32] Algorithms also automatically extracted the activation and recovery times from the each
electrogram using methods described previously.[33, 34] PFEIFER greatly accelerated these
processing steps by propagating and adjusting fiducial markers set by the user from one beat
to all subsequent beats in an continuously acquired run.

5.8 Electrical Potential Mapping and Data Visualization

Finally, the processed electrograms and extracted parameters (ST40%, QT-interval, efc.)
were mapped to the associated electrode locations within the heart and on the epicardial and
torso surfaces. Experimental model datasets were then visualized interactively using map3d
(sci.utah.edu/software/map3d) or SCIRun (sci.utah.edu/software/scirun), open-source
software packages that provided for extensive spatio-temporal exploration, an example of
which is shown in the lower panel of Figure 2.
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5.9 Model Validation

5.9.1 Canine and Porcine Comparison Metrics—We implemented several standard
electrocardiographic metrics to verify our signal processing techniques and compare
baseline and ischemic electrophysiological parameters in canine and porcine subjects. Time
intervals were determined from the root-mean-square of all recorded signals, voltages were
calculated from each individual electrode within a recording surface. The QRS amplitude
was defined as the absolute difference between the minimum and maximum voltage
measured during the QRS interval independent of morphology. The corrected QT interval
was calculated using Bazett’s formula. Each metric is reported as an average plus or minus
standard deviation. Student’s t-tests were performed on a subset of experimental data as
described in results where p-values less than 0.05 were considered significant.

5.9.2 Changes Induced by Electrical Recording Equipment—A natural concern
in such a preparation is that signals recorded after the surgery do not resemble those
beforehand. To examine such questions, prior to sternotomy, we placed torso surface
electrodes and recorded normal sinus rhythm. We then opened the chest, placed the sock and
needle electrode arrays and ischemic control equipment, and then closed the chest and
recorded normal sinus rhythm from the same torso surface electrodes. We then compared the
pre- and post-surgical values of QRS duration, QRS amplitude, and ST40%. To evaluate the
changes specifically induced by placement of the needle electrodes, we applied the
epicardial sock array and recorded before and 90 minutes after the insertion of the needle
arrays and then compared values of QRS duration, QRS amplitude, and ST40% values.
Student’s t-tests were performed on a subset of experimental data as described in results,
where p-values less than 0.05 were considered significant.

6 Results

6.1 Multiregion Detection of Ischemia

Figure 3 shows sample measurements of electrograms and ECGs across all measured
regions during normal sinus and induced ischemia. The left main panel shows measured
potentials along a single transmural needle ordered (from top to bottom as endocardium to
the epicardium); a strip of sock electrodes ordered from base to apex, and an approximate
12-lead ECG signal including leads 1,11, and 111 and unipolar precordial leads VV1,V2,V3,V5,
and V6 during a normal sinus control recording. The right panel shows signals from the
same electrodes recorded during significant ischemic stress.

All signals across the different recording domains were automatically time aligned because
they were all recorded simultaneously and all signals in the figure show typically high
quality and with low noise following standard filtering. The differences in signal
morphologies between control and peak ischemia in the figure are dramatic with ST-segment
deviations and T-wave changes through the myocardium (needles) and the superior leads of
both the epicardial and precordial torso leads. The QRS complexes also showed Q waves
and prolonged activation duration throughout most of the regions.
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6.2 Processing and Visualization Pipeline

To register all elements of the anatomy and electrode locations and visualize these signals,
we used a novel processing and visualization pipeline that leveraged tools from a
combination of open-source projects. Figure 4 shows one example of the electrode locations
and thoracic anatomy after registration into the same coordinate space. Panel A in the figure
shows the epicardial sock and measurement electrodes (black dots) and the plunge needles
(purple points at the ends of cylinders), and the gray occluder placed over the red LAD. The
sock electrodes were evenly distributed around the entire ventricles, from the apex to the
base. Panel B shows a subset of the torso surface electrodes (black dots) and the overall
electrode coverage (orange surface) in a cutaway view of the torso with the heart partially
visible (in red). The distance between intramural plunge needles was typically 9-11 mm, the
distances between epicardial recording electrodes in the range of 6-8 mm, and the spacing
between torso surface electrodes was 4-5 cm.

6.3 Ischemic Load Control

Figure 5 shows an example of the results from the same episode of induced ischemia, in
which we rapidly stimulated the heart under reduced coronary flow. Panel A shows the
control values of ST40% potentials in all three regions and Panel B shows the this same
parameter during peak ischemic load. The range of measured ST40% values during peak
ischemia was —1 mV to +11 mV in the intramural plunge needles, =2 mV to +7 mV on the
epicardial sock, and —0.2 mV to +0.2 mV on the torso surface. Typical clinical indications
for acute myocardial ischemia are ST segment deviations of more negative than —0.1 mV or
more positive than +0.2 mV

6.4 Model Validation

6.4.1 Effects of surgery and electrode placement—Table 1 shows recorded torso
potentials before and after surgery and the placement of the epicardial sock and needle
electrode arrays during one experiment. Using a paired student’s t-test, the QRS interval and
QRS amplitude showed no significant difference on the torso surface recordings before and
after placement of the electrode recording equipment.

Changes caused by the placement of needle electrode arrays were also observed on the
epicardial sock in figure 6 and table 2. Figure 6 shows ST40% potentials measured on an
example sock array before, immediately after, and 90 minutes after placement of the
transmural plunge needles. Immediately following needle placement there is an increase in
ST40% potentials which recover to below baseline recordings within 90 minutes of final
needle placement. Table 2 shows little changes to relevant ECG parameters before and after
90 minute rest following needle placement. There was no significant difference in QRS
amplitude before and after placement of the plunge needles (p>0.05). There was, however, a
significant difference in QRS interval before and after placement of transmural plunge
needles (p<0.05).

6.4.2 Canine vs. Porcine Species—Tables 3 and 4 show a statistical comparison of
signals recorded for both canine and porcine subjects during sinus rhythm and atrially paced
beats at control rates. Canine subjects showed larger voltages across all surfaces compared to
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porcine. Results in Table 4 show no significant difference between QRS intervals (p>0.05),
however, QTc intervals were significantly different between species (p<0.05).

7 Discussion

In this study we developed a novel experimental approach that supports comprehensive,
high-resolution, three-dimensional exploration of the development and electrical
manifestations of myocardial ischemia. We have shown that it is possible to create
controllable, transient myocardial ischemia documented by measurements of bioelectric
time signals from the heart and torso and associated anatomical images. We have shown that
it is also feasible using open source software tools to process these recordings and visualize
the spatial and temporal development of ischemia. Specific improvements over other
reported models include simultaneously measuring bioelectric signals within the
myocardium, on the heart surface, and on the torso surface in a physiologically and
anatomically realistic setting of a closed chest under cardiovascular and respiratory control.
Our previous studies reported on progress in controlling ischemic load via hydraulic
occlusion of coronary vasculature combined with rapid pacing or pharmacological stress
[11, 19, 12, 35, 36, 13]. We have also created a signal processing pipeline and registration
system to generate the associated geometric model and to visualize the electrical signals in
three-dimensional space, across geometries, throughout an ischemic intervention [28, 27].

Previous studies have reported similar, closed chest animal models [37, 15, 16], but none
have achieved the extent and resolution of coverage of this study, nor were they designed to
explicitly study myocardial ischemia. The first such reports by Spach et a/. showed that a re-
closed torso preparation was surgically feasible. They achieved simultaneous recordings
from 200 sites within the myocardium, 20-30 sites on the epicardium, and 50 sites on the
torso surface.[37] While a masterful achievement, the limits of technology at that time
restricted the scope and resolution of the measurements and also the reconstructions and
visualization of the results. Bear et a/. again achieved the closed-chest preparation in the
early 2000’s, but they did not record electrical signals from within the myocardium, but
rather the ventricular and torso surfaces.[38] Finally, Cluitmans et a/. succeeded in placing
epicardial and torso surface electrodes, but they, too, had no recordings from within the
myocardium and focused their approach on activation sequence recovery in order to validate
their electrocardiographic imaging (ECGI) approaches.[16] Another important element
missing from these preparations was the ability to control ischemic load on the heart. None
of these preparations had an efficient and standardized way to induce this pathology, which
further limited their application to the study of myocardial ischemia.

Our early findings using a somewhat simpler experimental model of myocardial ischemia
have motivated both the reported advances and additional interventions and analyses.
Results from those studies suggested a mechanism of variable, distributed ischemia
development, in sharp contrast to conventional assumptions. For example, we have showed
that distributed ischemia was more likely to form in the midmyocardium rather than at the
endocardial borders.[13] Results from studies that capture the three-dimensional extent of
intramyocardial ischemia by means of the needle electrodes have also motivated simulation
studies and allowed us to compare measured and simulated epicardial potentials [39, 40, 41],
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studies that allowed us to refine the understanding of the fundamental nature of
intramyocardial bioelectric sources.[40]

The data collected from the experiments conducted by Aras et a/. also supported studies of
ECGI and simulation of ischemia, which have shown that representing ischemia with
realistic source models produces more accurate potentials on the heart surface than those
based on simplified source models or those anchored to the subendocardium. [42, 40, 41]
However, these studies all lacked measured body-surface potentials, limiting their
translational impact. The combination of these findings and other similar preliminary results
has motivated our novel experimental preparation. Following analysis, these experimental
datasets will be made publicly available on the Experimental Data and Geometric Analysis
Repository (EDGAR) that hosts datasets for such applications. [43]

Both canines and porcines were used in this experimental preparation, providing an
opportunity to compare their responses to acute ischemia and at least speculate on the
relevance of these responses to humans. There are relevant anatomical and physiological
differences between the two species and humans that may contribute to the differences seen
in the measured bioelectric fields. First, canines have an extensive coronary collateral
vascular network which decreases the amount of ischemia induced during an ischemic
intervention, unlike humans and swine, who have comparatively limited coronary collateral
circulation[44]. Second, the swine conduction system is located in the midmyocardial
region, unlike humans and canines, which have conduction systems anchored on the
endocardial border[45]. While both species showed very similar QRS duration, the canine
subjects show shorter QT intervals and substantially larger amplitudes of QRS complexes, T
waves, and ST-segment shifts than the porcine subjects. The explanations for the amplitude
findings could be twofold as the canines had larger heart sizes (measured as nearly double
the tissue volume) and also closer distances from the heart to the torso surface, which were
reflected by relatively larger increases in torso potentials than cardiac potentials. The slightly
reduced QRS duration in canines may be due to the differences in conduction system
between the species. The increased QTc duration between species could explain the
increased susceptibility of porcine subjects to ventricular fibrillation during procedures and
interventions on the heart.

We also carried out careful evaluations of the impact of both instrumenting the heart and
closing the chest on torso potentials and inserting the needle on the epicardial potentials On
the torso surface, we found relatively small and insignificant changes in the QRS duration
and QRS amplitude values before and after surgeryindicating no significant insulative effects
from the needles or epicardial sock. However, there was a change in the measured ST40%
potentials before and after surgery, as measured on the torso surface. These changes
remained a small fraction of those observed during acute episodes of myocardial ischemia
and may arise due to the effects of anesthesia and general injury from the procedure.

Immediately following needle insertion, there was a substantial and expected increase in
ST40% epicardial potentials in the regions explored by the needles. However, 30 mins after
the needles were in place, the ST40% values had returned to levels obtained prior to needle
placement and at 90 mins, ST40% values had fallen below the original baseline levels. We
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suspect that the levels fall below baseline values because the recordings at baseline were
immediately after the midline sternotomy and severing the pericardium, which could already
insult the heart and increase epicardial potentials. To create context for these injury
potentials, ST40% changes immediate following insertion varied between —2—+2 mV, while
the changes during peak ischemic stress were tenfold larger, from —10—+20 mV. Changes in
QRS duration following needle insertion were also minimal and recovered to near normal
levels after 90 mins. These results suggest that our recording and occlusion equipment did
not substantially change the overall electrical function of the heart.

Creating and standardizing this experimental preparation presented several challenges and
retains several limitations. We had to manufacture very high capacity (1024 channel) signal-
acquisition equipment to record simultaneously from the different high-density electrode
arrays. Such equipment is becoming available on the market, albeit at either high cost or
only with substantial customization. Interfacing so many signals from individual electrodes
designed for different locations and capturing signals at a range of amplitudes spanning two
orders of magnitude also presents instrumentation challenges that result in some
compromises in the achievable dynamic range and signal quality. Another challenge was
maintaining the stability of the animal model in the face of surgical insult. Specific
challenges included the invasiveness of the procedure, puncturing the heart wall with
intramural plunge needles, and the resulting increased likelihood of cardiac arrhythmia,
which was mitigated in swine with constant low-dose lidocaine infusions. There was
inevitable variability in ischemic responses across different animals and experiments
because of difference in cardiac and coronary anatomy and physiology. To reduce such
inconsistencies, we placed the hydraulic occluder at approximately the same segment of the
LAD for each experiment and also developed “stress protocols” at the start of each
experiment to capture individualized values for parameters such as maximal heart rate and
level flow reduction that the subject could tolerate. Despite this approach, inconsistencies
are typical in most large-animal preparations and require that the resulting measurements be
considered somewhat independently. Finally, because of difference in human and animal
anatomy, human 12-lead ECGs are impossible to completely recreate. Therefore, we
approximated the location of each lead based on replicating the spatial relationships between
each electrode location and the heart.

Our experimental model has several important applications in acute myocardial ischemia
detection and the potential to contribute to the knowledge of acute ischemia. First, the
addition of torso-surface recordings makes this the most clinically translational animal
model of electrocardiography to date. Even with interspecies differences, this model still
accurately detects and controllably induces episodes of transient myocardial ischemia that
generate realistic electrical changes on the torso-surface ECGs.

While this experimental model was developed to detect and examine acute ischemia, it could
also be used to study other cardiac pathologies. For example, it would be very
straightforward to induce complete acute infarction to simulate STEMI or NSTEMI similar
to clinical studies in humans using percutaneous coronary intervention balloon angioplasty.
We could also induce premature ventricular contractions over a wide range of
intramyocardial locations via bipolar stimulation with the needles and record the resulting
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three-dimensional activation patterns throughout at least a portion of the heart as well as
over the epicardium and body surface. Because of the control of pacing location and rate, the
model could also be used to study general arrhythmia formation and development. Even
though intramural coverage is restricted to a region of the heart, the epicardial sock provides
360-degree, high-resolution coverage of the ventricles that could be used to examine
complex wavefront development.

Such data sets have clear value for developing and validating bioelectric field models,
specifically for electrocardiographic imaging (ECGI). ECGI requires an anatomical model
of the heart and torso surface and high-density recordings of potentials on the body surface.
[46, 47, 48] Validation of ECGI requires measurements from the heart against which to
compare computed values. [49, 50, 51, 52, 49, 53, 54, 55, 56, 57, 58] The inclusion of both
epicardial and intramyocardial source measurements will provide unique opportunities for
ECGI approaches that can be specific to ischemia or focus on general detection of localized
cardiac activity.

In summary, we have significantly improved an experimental model of electrocardiographic
evaluation of myocardial ischemia to be used as a novel standard for studies of mechanisms,
bioelectric source computations, and cardiac simulation and modeling studies. With these
data now achievable and available, significant strides can be made to improve the accuracy
of noninvasive clinical tests to detect and localize myocardial ischemia. Future goals of this
model includes improving its stability and further perfecting our experimental preparation.
We will use it to assess and validate several key modeling and physiological parameters such
as three-dimensional conduction velocity, bioelectric field and source models, different
approaches to clinical stress testing, and ECG Imaging.

Acknowledgments

We would like to acknowledge the support from the Nora Eccles Treadwell Cardiovascular Research and Training
Institute staff including Jayne Davis, Ala Booth, Wilson Lobaina and, Bruce Steadman for preparing and
maintaining equipment and coordinating logistics of the experiments.

9 Grant Support
Support for this research came from the NIH NIGMS Center for Integrative Biomedical Computing

(www.sci.utah.edu/cibc), NIH NIGMS grant no. PA1GM103545 and the Nora Eccles Treadwell Foundation for
Cardiovascular Research.

References

[1]. Safdar B, Ong P, and Camici PG, “Identifying Myocardial Ischemia due to Coronary
Microvascular Dysfunction in the Emergency Department: Introducing a New Paradigm in Acute
Chest Pain Evaluation,” Clinical Therapeutics, pp. 1-11, 2018.

[2]. Jespersen L, Abildstram SZ, Hvelplund A, and Prescott E, “Persistent angina: highly prevalent and
associated with long-term anxiety, depression, low physical functioning, and quality of life in
stable angina pectoris,” Clinical Research in Cardiology, vol. 102, no. 8, pp. 571-581, 2013.
[PubMed: 23636227]

[3]. Noel BMC, J. PC, Norine WM, L. FJ, G. CP, M. CW, Austin CJ, S. CL, Filippo C, Marcelo DC, S.
DP, S. GZ, Paul G, M. HE, Ahmed H, A. HJ, S. HJ, Erin |, Ruth K, N. LG, Peter L, Joao L, Puja
M, Patrice D-N, Michelle O, D. PG, A. QA, Harmony R, British R, George S, Viviany T, Janet

Physiol Meas. Author manuscript; available in PMC 2021 April 20.


http://www.sci.utah.edu/cibc

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zenger et al.

Page 14

W, and Nanette W, “Ischemia and No Obstructive Coronary Artery Disease (INOCA),”
Circulation, vol. 135, pp. 1075-1092, 3. 2017. [PubMed: 28289007]

[4]. Jespersen L, Hvelplund A, Abildstrem SZ, Pedersen F, Galatius S, Madsen JK, Jargensen E,
Kelbaek H, and Prescott E, “Stable angina pectoris with no obstructive coronary artery disease is
associated with increased risks of major adverse cardiovascular events,” European Heart Journal,
vol. 33, pp. 734-744, 3. 2012. [PubMed: 21911339]

[5]. Kontos M, Anderson F, Schmidt K, Ornato J, Tatum J, and Jesse R, “Early diagnosis of acute
myocardial infarction in patients without ST-segment elevation,” Am. J. Cardiol, vol. 83, pp.
155-158, 1. 1999. [PubMed: 10073813]

[6]. Knuuti J, Ballo H, Juarez-Orozco LE, Saraste A, Kolh P, Rutjes AWS, Juni P, Windecker S, Bax
JJ, and Wijns W, “The performance of non-invasive tests to rule-in and rule-out significant
coronary artery stenosis in patients with stable angina: A meta-analysis focused on post-test
disease probability,” European Heart Journal, vol. 39, no. 35, pp. 3322-3330, 2018. [PubMed:
29850808]

[7]. McCarthy B, Wong J, and Selker H, “Detecting acute cardiac ischemia in the emergency
department: a review of the literature.,” J Gen Intern Med, vol. 5, no. 4, pp. 365-373, 1990.
[PubMed: 2197378]

[8]. Stern S, “State of the art in stress testing and ischaemia monitoring.,” Card Electrophysiol Rev,
vol. 6, pp. 204-208, 9. 2002. [PubMed: 12114839]

[9]. Savage R, Wagner G, Ideker R, Podolsky S, and Hackel D, “Correlation of postmortem anatomic
findings with electrocardiographic changes in patients with myocardial infarction,” Circ, vol. 5,
pp. 279-285, 1977.

[10]. Janse M, Cinca J, Morena H, Fiolet J, Kleber A, de Vries G, Becker A, and Durrer D, “The
border zone in myocardial ischemia. An electrophysiological, metabolic and histochemical
correlation in the pig heart,” Circulation Research, vol. 44, pp. 576-588, 1979. [PubMed:
428053]

[11]. Shome S, Lux R, Punske B, and MacLeod R, “Ischemic preconditioning protects against
arrhythmogenesis through maintenance of both active as well as passive electrical properties in
ischemic canine hearts,” J. Electrocardiol, vol. 40, no. 4, pp. S5-S6, 2007.

[12]. Aras K, Swenson D, and MacLeod R, “The origin of myocardial ischemia is not limited to the
sub-endocardium,” in International Society for Computerized Electrocardiology (ISCE), 2011.

[13]. Aras K, Burton B, Swenson D, and MacLeod R, “Spatial organization of acute myocardial
ischemia,” J. Electrocardiol, vol. 49, no. 3, pp. 689-692, 2016.

[14]. Spach MS and Barr RC, “Ventricular intramural and epicardial potential distributions during
ventricular activation and repolarization in the intact dog,” Circulation Research, vol. 37, no. 2,
pp. 243-257, 1975. [PubMed: 1149199]

[15]. Bear L, Cheng L, LeGrice I, Sands G, Lever N, Paterson D, and Smaill B, “Forward problem of
electrocardiography: is it solved?,” Circ. Arrhythm. Electrophysiol, vol. 8, pp. 677-684, 6 2015.
[PubMed: 25834182]

[16]. Cluitmans MJM, Bonizzi P, Karel JMH, Das M, Kietselaer BLJH, de Jong MMJ, Prinzen FW,
Peeters RLM, Westra RL, and Volders PGA, “In Vivo Validation of Electrocardiographic
Imaging,” JACC: Clinical Electrophysiology, vol. 3, no. 3, pp. 232-242, 2017. [PubMed:
29759517]

[17]. Zenger B, Good WW, Bergquist JA, Tate JD, Sharma V, and Macleod RS, “Electrocardiographic
Comparison of Dobutamine and BRUCE Cardiac Stress Testing With High Resolution Mapping
in Experimental Models,” Computing in Cardiology, vol. 45, pp. 1-4, 2018.

[18]. Tate J, Stinstra J, Pilcher T, Poursaid A, Jolley M, Saarel E, Triedman J, and MacLeod R,
“Measuring defibrillator surface potentials: The validation of a predictive defibrillation computer
model.,” Comp. in Biol. & Med, vol. 102, pp. 402-410, 2018.

[19]. Aras K, Shome S, Swenson D, Stinstra J, and MacLeod R, “Electrocardiographic response of the
heart to myocardial ischemia,” in Computers in Cardiology 2009, pp. 105-108, 2009.

[20]. Aras K, Bioelectric Source Characterization Of Acute Myocardial Ischemia. PhD thesis,
Scientific Computing and Imaging Institute, The University of Utah, Salt Lake City, UT, USA,
2015.

Physiol Meas. Author manuscript; available in PMC 2021 April 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zenger et al.

Page 15

[21]. Aras K, Burton B, Swenson D, and MacLeod R, “Spatial organization of acute myocardial

[22].

[23].

[24].

[25].

[26].

[27].

[28].

[29].

ischemia,” J. Electrocardiol, vol. 49, pp. 323-336, May-Jun 2016. [PubMed: 26947437]

Ershler P, Lux R, and Steadman B, “A 128 lead online intraoperative mapping system,” in
Proceedings of the IEEE Engineering in Medicine and Biology Society 8th Annual International
Conference, pp. 1289-1291, IEEE Press, 1986.

Okin PM, Ameisen O, and Kligfield P, “A modified treadmill exercise protocol for computer-
assisted analysis of the ST segment/heart rate slope: Methods and reproducibility,” Journal of
Electrocardiology, vol. 19, pp. 311-318, 10. 1986. [PubMed: 3540174]

Mannering D, Cripps T, Leech G, Mehta N, Valantine H, Gilmour S, and Bennett ED, “The
dobutamine stress test as an alternative to exercise testing after acute myocardial infarction.,”
British heart journal, vol. 59, pp. 521-526, 5 1988. [PubMed: 3382564]

Kubota I, Yamaki M, Shibata T, Ikeno E, Hosoya Y, and Tomoike H, “Role of ATP-sensitive K
channel on ECG ST segment elevation during a bout of myocardial ischemia,” Circulation, vol.
88, pp. 1845-1851, 1993. [PubMed: 8403330]

Li D, Li C, Yong A, and Kilpatrick D, “Source of electrocardiographic ST changes in
subendocardial ischemia,” Circ. Res, vol. 82, pp. 957-970, 1998. [PubMed: 9598593]

Berguist JA, Good WW, Zenger B, Tate JD, and MacLeod RS., “GROMeR: A pipeliné for
geodesic refinement of mesh registration,” Function Imaging and Modeling of the Heart, vol. (in
press), 2019.

Rodenhauser A, Good W, Zenger B, Tate J, Aras K, Burton B, and MacLeod R, “PFEIFER:
Preprocessing framework for electrograms intermittently fiducialized from experimental
recordings,” J. Open Source Software, vol. 3, no. 21, p. 472, 2018.

Oostendorp T, van Oosterom A, and Huiskamp G, “Interpolation on a triangulated 3D surface,” J.
Comp. Physics, vol. 80, pp. 331-343, 1989.

[30]. Aras K, Bioelectric Source Characterization of Acute Myocardial Ischemia. PhD thesis,

University of Utah, 2015.

[31]. Taccardi B, Punske B, Macchi E, MacLeod R, and Ershler P, “Epicardial and intramural

excitation during ventricular pacing: Effect of myocardial structure,” Am. J. Physiol, vol. 294,
pp. H1753-1766, 4. 2008.

[32]. Janse M, van Capelle F, Morsink H, Kleber A, Wilms-Schopman F, Cardinal R, d Alnoncourt C,

[33].

[34].

and Durrer D, “Flow of “injury” current and patterns of excitation during early ventricular
arrhythmias in acute regional myocardial ischemia in isolated porcine and canine hearts,” Circ.
Res, vol. 47, no. 2, pp. 151-165, 1980. [PubMed: 7397948]

Lux P and Ershler P, “Reducing uncertainty in the measures of cardiac activation and recovery,”
in Proceedings of the IEEE Engineering in Medicine and Biology Society 9th Annual
International Conference, pp. 1871-1872, IEEE Press, 1987.

Millar C, Kralios F, and Lux R, “Correlation between refractory periods and activation-recovery
intervals from electrograms: Effect of rate and adrenergic interventions,” Circ, vol. 72, pp. 1372—
1379, 1985.

[35]. Aras K, Swenson D, and MacLeod R, “Heterogeneous electrographic myocardial response during

ischemia,” J. Electrocardiol, vol. 44, no. 6, p. 748, 2011.

[36]. Aras K, Burton B, Swenson D, and MacLeod R, “Sensitivity of epicardial electrical markers to

[37].

[38].

[39].

acute ischemia detection.,” J. Electrocardiol, vol. 47, no. 6, pp. 836-841, 2014. [PubMed:
25242529]

Spach M, Barr R, Lanning C, and Tucek P, “Origin of body surface QRS and T-wave potentials
from epicardial potential distributions in the intact chimpanzee,” Circ, vol. 55, pp. 268-278, 2.
1977.

Bear L, Cuculich P, Bernus O, Efimov |, and Dubois R, “Introduction to noninvasive cardiac
mapping.,” Card Electrophysiol Clin, vol. 7, pp. 1-16, 3 2015. [PubMed: 25784020]

Burton B, Aras K, Tate J, Good W, and MacLeod R, “The role of reduced left ventricular, systolic
blood volumes in ST segment potentials overlying diseased tissue of the ischemic heart,” in IEEE
Computers in Cardiology, vol. 43, pp. 1-4, 2016.

Physiol Meas. Author manuscript; available in PMC 2021 April 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zenger et al.

[40].

[41].

[42].

Page 16

Burton B, Aras K, Good W, Tate J, Zenger B, and MacLeod R, “Image-based modeling of acute
myocardial ischemia using experimentally derived ischemic zone source representations,” J.
Electrocardiol, vol. 51, no. 4, pp. 725-733, 2018. [PubMed: 29997022]

Burton B, Aras K, Good W, Tate J, Zenger B, and MacLeod R, “A framework for image-based
modeling of acute myocardial ischemia using intramurally recorded extracellular potential,”
Annal. Biomed. Eng, vol. 46, no. 9, pp. 1325-1336, 2018.

Burton B, Tate J, Erem B, Swenson D, Wang D, Brooks D, van Dam P, and MacLeod R, “A
toolkit for forward/inverse problems in electrocardiography within the scirun problem solving
environment,” in Proceedings of the IEEE Engineering in Medicine and Biology Society 33rd
Annual International Conference, pp. 1-4, IEEE Eng. in Med. and Biol. Soc., 2011.

[43]. Aras K, Good W, Tate J, Burton B, Brooks D, Coll-Font J, Doessel O, Schulze W, Patyogaylo D,

[44].

[45].
[46].

[47].

[48].

[49].

[50].

[51].

[52].

[53].

[54].

[55].

[56].

[57].

Wang L, van Dam P, and MacLeod R, “Experimental data and geometric analysis repository:
EDGAR,” J. Electrocardiol, vol. 48, no. 6, pp. 975-981, 2015. [PubMed: 26320369]

White F, Carroll S, Magnet A, and Bloor C, “Coronary collateral development in swine after
coronary artery occlusion,” Circulation Research, vol. 71, pp. 1490-1500, 1992. [PubMed:
1423941]

Verdouw P, Wolffebuttel B, and Giessen J, “Domestic pigs in the study of myocardial ischemia,”
European Heart Journal, vol. 4, pp. 61-67, 1983.

Brooks D and MacLeod R, “Electrical imaging of the heart: Electrophysical underpinnings and
signal processing opportunities,” IEEE Sig. Proc. Mag, vol. 14, no. 1, pp. 24-42, 1997.

Pullan A, Cheng LK, Nash M, Brooks D, Ghodrati A, and MacLeod R, “The inverse problem of
electrocardiography,” in Comprehensive Electrocardiology (Macfarlane P, van Oosterom A,
Pahlm O, Kligfield P, Janse M, and Camm J, eds.), pp. 299-344, London, UK: Springer Verlag,
2010.

Rudy Y and Lindsay B, “Electrocardiographic imaging of heart rhythm disorders: From bench to
bedside,” Card. Electrophysiol. Clin, vol. 7, pp. 17-35, 3. 2015. [PubMed: 25722753]

Shah A, Lim H, Yamashita S, Zellerhoff S, Berte B, Mahida S, Hooks D, Aljefairi N, Derval N,
Denis A, Sacher F, Jais P, Dubois R, Hocini M, and Haissaguerre M, “Noninvasive mapping of
ventricular arrhythmias.,” Card Electrophysiol Clin, vol. 7, pp. 99-107, 3 2015. [PubMed:
25784026]

Potyagaylo D, Schulze WHW, and Doessel O, “Local Regularization of endocardial and
epicardial surfaces for better localization of ectopic beats in the inverse problem of ECG,”
Computers in Cardiology, pp. 837-840, 2014.

Dubois R, Shah AJ, Hocini M, Denis A, Derval N, Cochet H, Sacher F, Bear L, Duchateau J, Jais
P, and Haissaguerre M, “Non-invasive cardiac mapping in clinical practice: Application to the
ablation of cardiac arrhythmias,” Journal of Electrocardiology, vol. 48, no. 6, pp. 966-974, 2015.
[PubMed: 26403066]

Wang L, Gharbia OA, Horacek BM, and Sapp JL, “Noninvasive epicardial and endocardial
electrocardiographic imaging of scar-related ventricular tachycardia,” Journal of
Electrocardiology, vol. 49, no. 6, pp. 887-893, 2016. [PubMed: 27968777]

Wann D, Waks JW, and Kramer DB, “Clinical and regulatory considerations for novel
electrophysiology mapping systems: Lessons from FIRM,” Pacing and Clinical
Electrophysiology, pp. 617-632, 2018.

Oster H, Taccardi B, Lux R, Ershler P, and Rudy Y, “Noninvasive electrocardiographic imaging:
Reconstruction of epicardial potentials, electrograms, and isochrones and localization of single
and multiple electrocardiac events,” Circ, vol. 96, pp. 1012-1024, 8. 1997.

MacLeod R and Brooks D, “Recent progress in inverse problems in electrocardiology,” IEEE
Eng. in Med. & Biol. Soc. Magazine, vol. 17, pp. 73-83, 1. 1998.

Brooks D, Ahmad G, MacLeod R, and Maratos G, “Inverse electrocardiography by simultaneous
imposition of multiple constraints,” IEEE Trans. Biomed. Eng, vol. 46, no. 1, pp. 3-18, 1999.
[PubMed: 9919821]

Cluitmans M, Brooks D, MacLeod R, Doessel O, Guillem M, Dam PV, Svehlikova J, He B, Sapp
J, Wang L, and Bear L, “Consensus on validation and opportunities of electrocardiographic

Physiol Meas. Author manuscript; available in PMC 2021 April 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zenger et al.

Page 17

imaging: From technical achievements to clinical applications,” Front. Physiol, vol. 9, pp. 1-19,
9 2018. [PubMed: 29377031]

[58]. Cluitmans M, Peeters R, Westra R, and Volders P, “Noninvasive reconstruction of cardiac
electrical activity: update on current methods, applications and challenges.,” Neth. Heart J, p.
Epub ahead of print, 4 2015.

Physiol Meas. Author manuscript; available in PMC 2021 April 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Zenger et al. Page 18

A. D.

AV
m
vV

1.80

21.20

1.
=1 15.20

10 mm

Figure 1:
Custom electrode configurations. A: Schematic drawing of a left ventricle intramural needle

recording array. B: Schematic drawing of a right ventricular intramural needle. C:
Photograph of a left ventricular intramural needle recording array. D: Photograph of a 247
lead electrode sock array over a plaster mold of a sample heart, with colored beads marking
selected electrodes used for registration of sock geometry.
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Figure 2:
Data Processing and Visualization Pipeline. This set of techniques, implemented in our

custom software and combined all the geometric and signal information into a common
coordinate framework suitable for visualization and subsequent analysis.

Physiol Meas. Author manuscript; available in PMC 2021 April 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Example recording of sinus control and paced ischemic beats. Left Panel: Recorded

Zenger et al. Page 20
Normal Sinus Ischemia
Needle Sock Torso Needle Sock Torso
Endocardial Superior 12-Lead Endocardial Superior 12-Lead
A A /\/—d\ —/\N— ___\f__________‘l__
...... /\/——dx ,_/\,_\/_
r N~ — . A
....... I | ]
NV —r—J\ ........ A —/\,\/- .
. i i Y
h— —— || — ./\,\f 11}
v L . ' Vi
A — ‘ . “\r——'—*‘—-\/“‘ ’J\,’-/\_ ’j\/\f /\r\/
V2 [A— ' V2
— h— ] e
v N [T177v3 ~ ’/\/\/ u
V v ' V5 N L — ‘
> > V6 > : > : > V6
E £ 2 E
ol v i~ E A ol’\/—’\ glﬂ/\/\/ ,§|
200 ms 200 ms 200 ms 200 ms 200 ms 200 ms
Epicardial Inferior Epicardial Inferior
Figure 3:

electrograms from the 10 electrodes down the shaft of anteriorly placed needle ordered from
endocardial to epicardium, 10 electrodes of the anterior aspect of the epicardial sock from
the base (superior) portion of the heart to apex, and approximate 12-lead ECG locations

(LI Va,v2, V3, V5,V6). All three simultaneously recorded sets of signals captured

control conditions. Right Panel: Signals from the same electrodes acquired during significant
ischemic stress. The heart rate for signalsin right panel was 70 bpm and the heart rate
for signalsin left panel was 171 bpm.
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Figure 4
Example Geometric Registration. Panel A: Epicardial (black dots) and needle electrodes

(purple dots and associated cylinders) are registered to the high-resolution heart surface
(gray) generated from MRI images. Panel B: The heart (in red) and the torso electrodes
(black dots) are registered to the [high resolution] torso surface. The orange region shows
the electrode coverage on the torso.
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Figure5:

ST40% Potential measurements over all three sampled regions Panel A: Control recording
of ST40% within the myocardium, on the epicardial surface, and on the torso surface. Panel
B: Peak ischemia values over the same locations within the same episode. The leftmost
elements of both panels shows the locations of two slices, S1 and S2, through the heart and
the potentials over these slides. The center elements contain epicardial potentials from the
sock and the rightmost elements the equivalent torso potentials.
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Figure6:
Recorded epicardial sock electrode ST40% potentials during electrode placement and after

recovery. Panels A, B, and C contain spatial maps of the epicardial ST40% recordings prior
to, immediately following, and 90 minutes after needle placement, respectively. Black nodes
correspond to approximate needle insertion locations and all three maps use the same color
scaling with maps in panels A and B showing color saturation at maximum values of 2.3
mV.
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Table 1:

Recorded torso potentials prior to sternotomy, with no sock or needle electrodes placed, compared to those
acquired after placement of the cardiac electrodes and closure of the chest. Values were the mean and standard
deviations across all torso electrodes.

Metric Prior to Sternotomy  After Chest Closure
QRS Interval (ms) 52.11+2.10 51.86+1.09
QRS Peak to Peak Amplitude (mv) 0.45+0.33 0.53+0.13
ST40% (mv) 0.009+0.01 -0.001+0.011
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Table 2:

Recorded epicardial sock potentials before, 30 minutes after, and 90 minutes after placement of needle
electrodes. Values were the mean and standard deviations across all sock electrodes

Metric Prior 30 mins 90 mins
QRS Interval (ms) 49.74+1.86 54.78+1.72 52.88+2.46
QRS Peak to Peak Amplitude (mv) 11.34+3.72 10.89+3.31 10.05+3.33
ST40% (mv) 0.29+0.70 0.32+0.42 0.07+0.34
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Table 3:

Table showing the recorded voltages separated by canine, porcine, and different recording surfaces. S and AP
stand for Sinus and Atrial Paced recordings, respectively, QRS Amp and VVRange stand for QRS peak to peak
amplitude and voltage range across all electrodes, respectively. Each metric was derived from each individual
electrode.

Canine (n=2) Porcine (n=3)

Metric Needles (mV) Sock (mV) Torso(mV)  Needles(mV) Sock (mV) Torso (mV)

SQRSAmp 16774837  18.62+521  1.58+0.61 8.09:+4.04 7.8743.11 0.37+0.13
APQRSAmMp  17.61#895  19.07¢557  1.50+0.58 9.11+4.29 8.45+3.18 0.37+0.14

SVRange  (0.01-47.30)  (0.002-40.73) (0.007-3.20) (0.006-29.00)  (0.005-29.31)  (0.0002-1.10)

APVRange  (0.01-47.59)  (0.002-41.41) (0.007-3.14) (0.002-27.42)  (0.006-28.90)  (0.005-1.48)
Peak STA0%  6.77+4.94 -0.10+3.28  -0.09+0.13  0.93+2.36 -1.28+170  -0.12+0.20
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Table 4:

Table showing the recorded time intervals in canine vs. porcine subjects. Each metric was derived from the
from a manual marking of the root-mean-squared (RMS) signal.

Metric Canine(n=2) Porcine (n=3)

Sinus QRS Interval (ms) 50.94+5.28 56.77+7.40
Atrial Paced QRS Interval (ms) 51.63+4.75 53.94+10.27
Sinus QTc Interval (ms) 346.65+16.54  483.56+39.75

Atrial Paced QTc Interval (ms)  365.53+9.33  459.65+26.71

Physiol Meas. Author manuscript; available in PMC 2021 April 20.



	Abstract
	Introduction
	Methods
	Animal Model
	Surgical Procedure
	Electrical Recording Equipment
	Electrode Arrays
	Signal Acquisition

	Ischemia Intervention Protocols
	Image Acquisition and Processing
	Image Acquisition and Segmentation

	Geometric Registration
	Landmark Point Recordings
	Registration Pipeline

	Signal Processing
	Electrical Potential Mapping and Data Visualization
	Model Validation
	Canine and Porcine Comparison Metrics
	Changes Induced by Electrical Recording Equipment


	Results
	Multiregion Detection of Ischemia
	Processing and Visualization Pipeline
	Ischemic Load Control
	Model Validation
	Effects of surgery and electrode placement
	Canine vs. Porcine Species


	Discussion
	References
	Figure 1:
	Figure 2:
	Figure 3:
	Figure 4:
	Figure 5:
	Figure 6:
	Table 1:
	Table 2:
	Table 3:
	Table 4:

